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(54) Mass spectrometer and measurement system and method for TOF mass spectrometry 



(57) The invention provides a mass spectrometer, a 
mass spectrometer measuring system and a method for 
mass spectrometry which are particularly suited for pro- 
teome analysis. In an ion trap-connected, orthogonal 
acceleration type time-of-flight mass spectrometer, the 



mass-to-charge ratio range that may be analyzed by 
one procedure is increased by providing means for re- 
ducing the velocity of ions ejected from an ion trap. The 
efficiency in protein identification in proteome analysis 
is thereby improved. 
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Description 

BACKGROUND OF THE INVENTION 

1 . FIELD OF THE INVENTION 

[0001 ] The present invention relates to a time-of flight 
mass spectrometer and measurement system with an 
ion trap bound thereto and, more particularly, to a mass 
spectrometer for proteome analysis. 
[0002] The invention further relates to a method for 
time-of flight mass spectrometry which is particularly 
suited for proteome analysis. 

2. DESCRIPTION OF THE BACKGROUND 

[0003] In the field of proteome analysis, the so-called 
"shotgun method" is in wide use, which comprises de- 
composing a protein mixture extracted from cells with a 
digestive enzyme, separating the fragment peptides ob- 
tained using a liquid chromatograph, selecting, within a 
mass spectrometer, one peptide species and decom- 
posing this by collision-induced dissociation (CID), de- 
termining the molecular weights of the resulting frag- 
ments from amass spectrum of the fragments, and iden- 
tifying the original protein by checking against a genome 
database. The technique comprising selecting and de- 
composing one ion species within a mass spectrometer 
and subjecting the fragments to mass spectrometry is 
generally called "MS/MS analysis." In some kinds of 
mass spectrometers, it is possible to select one frag- 
ment among the fragments resulting from MS/MS anal- 
ysis and further subjecting that fragment to MS/MS. It is 
also possible to repeat such sequence n times, and this 
technique is generally called "MSn analysis." 
[0004] A quadrupole ion trap mass spectrometer 
(ITMS) can perform MSn analysis where n is not less 
than 3, and is characterized in that high levels of sensi- 
tivity and efficiency can be attained because CID is per- 
formed after accumulation of ions in the ion trap. In pro- 
teome analysis, however, mass-to-charge ratio ranges 
of up to about 3,000 and a mass resolution of at least 
about 5,000 are desired, whereas the conventional ion 
trap mass spectrometers are generally about 2,000 in 
mass-to-charge ratio and in mass resolution and have 
a decreased mass accuracy. Hence, the range of appli- 
cation of conventional ITMS is limited, and only low pro- 
tein identification efficiency can be secured with such 
apparatuses. 

[0005] In B. M. Chien, S. M. Michael and D. M. Lub- 
man, Rapid Commun. Mass Spectrom. Vol.7 (1993) 
837, there is disclosed a mass spectrometer comprising 
a quadrupole ion trap and a time-of-flight mass spec- 
trometer (TOFMS) that are coaxially combined. When 
this apparatus is used, it is possible to perform MSn 
analysis (n being not less than 3) at high levels of mass- 
to-charge ratio ranges and mass accuracy using the 
TOFMS. 



[0006] However, because, in this apparatus, the ion 
trap and the TOFMS are combined coaxially and the ion 
trap also serves as an accelerator for the TOFMS, a col- 
lision of ions with the neutral gas for CID occurs fre- 

5 quently during acceleration. The ions are thereby scat- 
tered and, as a result, it is difficult to attain a high level 
of resolution. However, when the acceleration voltage 
is increased, it becomes possibleto eject ions in a short- 
er time and to thereby reduce the scattering thereof. 

10 Hence, the resolution may be improved, but there arises 
the problem that the collision energy increases and, as 
a result, ions are readily decomposed. When ions are 
decomposed during acceleration, chemical noises are 
produced, whereby the lower detection limit is deterio- 

15 rated. 

[0007] In the mass spectrometer described in U.S. 
Patent No. 6,011 ,259, CID is effected in a multi-pole ion 
guide, and the resulting ions are discharged from the 
ion guide and analyzed in a TOFMS of the orthogonal 

20 accelerator type. Because the orthogonal accelerator 
can be disposed in a high vacuum region, the frequency 
of collisions with a neutral gas during acceleration is 
substantially negligible. Generally, the efficiency of CID 
in a multi-pole ion guide is lower as compared with ion 

25 traps. However, the CID efficiency can be improved to 
some extent by causing the ion guide to function as a 
two-dimensional ion trap (also called a linear trap). 
[0008] However, the space distribution and energy 
distribution of ions relative to the axial direction of the 

30 ion guide are large, and, therefore, the ions accelerated 
are dispersed. As a result, there arises the problem that 
the detection sensitivity is low. Unlike the quadrupole 
ion trap, the linear trap cannot be used in MSn where n 
is not less than 3. 

35 [0009] In C. Marinach, A. Brunot, C. Beaugrand, G. 
Bolbach, J.-C. Tabet Proceedings of the 49 th ASMS 
Conference on Mass Spectrometry and Allied Topics, 
Chicago, Illinois, May 27-31 , 2001 , there is disclosed a 
mass spectrometer in which a quadrupole ion trap and 

40 a TOFMS are combined off axis. In this apparatus, ions 
are initially ejected from the ion trap, then accelerated 
in a direction perpendicular to the axis of the ion trap, 
and finally subjected to analysis on the TOFMS. In this 
apparatus, ions spatially focused in the middle of the ion 

45 trap are dispersed as far as possible relative to the axial 
direction during transfer thereof from the ion trap to the 
orthogonal accelerator. This causes the ions to form a 
continuous ion flow while an acceleration voltage pulse 
is continuously applied at spaced intervals (i.e., repeat- 

50 ed pulses) to perform analysis on the TOFMS. Since 
ions spatially and energetically focused within the ion 
trap are converted to a continuous ion flow, there arises, 
as a result, the same problems as with the apparatus 
described above with reference to U.S. Patent No. 

55 6,011,259. 

[0010] As discussed above, the prior art mass spec- 
trometers are characterized in that it is difficult to simul- 
taneously attain broad mass-to-charge ratio ranges and 
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high mass resolution with sufficient detection sensitivity. 
Accordingly, it is the underlying problem of the present 
invention to provide a mass spectrometer and measure- 
ment system and a method for mass spectrometry al- 
lowing to achieve broad mass-to-charge ratio ranges 
and high mass resolution with sufficient detection sen- 
sitivity. 

SUMMARY OF THE INVENTION 

[0011] The above problem is solved according to the 
claims. The dependent claims relate to preferred em- 
bodiments. 

[0012] The present invention preferably addresses 
the above limitations by providing a mass spectrometer 
that combines an ion trap with a TOFMS of the orthog- 
onal acceleration type. In the mass spectrometer ac- 
cording to the present invention, the ions ejected from 
the ion trap are transferred to the orthogonal accelera- 
tor, and an acceleration voltage is applied thereto in the 
transverse direction relative to the direction of ion flow. 
According to the invention, the mass-to-charge ranges 
are controlled by setting the time from ion ejection from 
the ion trap to acceleration voltage pulse application at 
predetermined values. 

[001 3] As a means for ejecting ions from the ion trap, 
an accelerating electric field may be formed within the 
ion trap after stopping the application of an RF voltage 
for accumulating ions. When an accelerating electric 
field is formed under application of an RF voltage, the 
spatial distribution of ions within the ion trap, the kinetic 
energy distribution among ions within the ion trap, and 
the spatial distribution of ions in the acceleration region 
due to impact scattering by collision with natural gases 
increase. The conventional methods mentioned above 
do not produce such increasing effects. 
[0014] Even when the above-mentioned means for 
ejecting ions is provided, the initial voltage at which ions 
are ejected varies according to the initial location of ions. 
Those ions located on the remote side of the ion trap 
from the outlet are ejected later than the ions occurring 
on the side closer to the outlet. Because, however, the 
velocity of the former is higher than the ions occurring 
on the side closer to the outlet, the former ions pass the 
latter at a certain location. This location is called the 
"space focal plane." By forming an electric field for ac- 
celerating ions in the direction of movement thereof be- 
tween the ion trap outlet and the orthogonal accelerator, 
it is possible to adjust the position of the space focal 
plane according to the well-known principle of multi- 
stage acceleration. By optimizing the position of the 
space focal plane according to this principle, it becomes 
possible to improve the efficiency of detection of ions 
occurring in the acceleration region boundary. 
[0015] Further, means may be provided for reducing 
the velocity distribution of ions during transfer thereof 
from the ion trap to the orthogonal accelerator. The 
means for reducing the velocity distribution of ions may 



be disposed within the ion trap or outside of the same. 
[0016] Ions ejected from the ion trap arrive at the or- 
thogonal accelerator at different times according to their 
mass-to-charge ratios (m/z), and only those ions that 

5 are in the acceleration region at the time of acceleration 
voltage application (pulsing) are accelerated in the or- 
thogonal accelerator and sent to the detector. That is, 
the range of mass-to-charge ratios of ions analyzed by 
a single pulse in the ion trap is restricted by the length 

10 of the orthogonal accelerator and the length of the de- 
tector, among others. Therefore, the mass-to-charge ra- 
tio range which may be analyzed at a singletime is phys- 
ically limited. Although the mass-to-charge ratio range 
may be broadened by increasing the length of the or- 

15 thogonal accelerator, the ion beam spreading in the ac- 
celeration region then increases, and it becomes difficult 
to realize a high resolution over the entire range. It is 
also necessary to increase the size of the detector cor- 
responding to the length of the acceleration region. 

20 However, the detector may be expensive, and the cost 
thereof largely depends on the size of the detector. 
[0017] By providing means for reducing the velocity 
distribution of the ions entering the acceleration region, 
it is possible to broaden the mass-to-charge ratio range 

25 analyzable by one process of ion accumulation in the 
ion trap. Such extension of the mass-to-charge ratio 
range is useful in proteome analysis, in particular. 
[0018] Specific means available for reducing the ion 
velocity distribution in the axial direction include: (1) in- 

30 creasing the acceleration electric field during the period 
until ions are ejected from the ion trap; or (2) varying the 
electric field in the region from the ion trap outlet to the 
orthogonal accelerator inlet, or in a part of that region 
after ion ejection from the ion trap. 

35 [0019] Other means for enlarging the mass-to-charge 
ratio range than the reduction of the ion velocity distri- 
bution include techniques comprising: (3) dividing the 
mass-to-charge ratio range to be analyzed into a plural- 
ity of ranges, analyzing each divided region, and com- 

40 biningthe data thus obtained; or (4) analyzingthose ions 
in a low mass-to-charge ratio range among the ions ac- 
cumulated in the ion trap by ion trap mass spectrometry 
and analyzing the remaining ions using aTOFMS of the 
orthogonal acceleration type. By combining the ion trap 

45 and an orthogonal acceleration type TOFMS, it is pos- 
sible to further enlarge the mass-to-charge ratio range. 
[0020] The method of the present invention for time- 
of flight mass spectrometry (TOFMS), which is particu- 
larly suited for proteome analysis, specifically according 

50 to the shotgun method, comprises the following meas- 
ures: 

(A) Producing ions of the sample to be analyzed in 
an ion source; 

55 (B) introducingthe ions formed in the ion source into 

an ion trap; 

(C) ejecting ions from the ion trap and transferring 
the ions to an orthogonal accelerator; 
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(D) applying a pulsed acceleration voltage to the ac- 
celerator in the transverse direction relative to the 
direction of the ion flow from the ion trap; 

(E) controlling the mass-to-charge ratio range 
(mass window) by setting the time from ion ejection 
from the ion trap to acceleration voltage pulse ap- 
plication at predetermined values, and 

(F) detecting the accelerated ions in a time-of-flight 
arrangement by means of a detector. 

[0021] In accordance with preferred embodiments, 
the method of the present invention comprises one or 
more of the following measures: 

Ions formed in the ion source are introduced into 
the ion trap through switching means, particularly a 
gate electrode; 

a quadrupole ion trap is used comprising a ring elec- 
trode; 

an accelerating electric field is formed within the ion 
trap after stopping the application or under applica- 
tion of an RF voltage for accumulating ions; 
the position of the space focal plane within the ion 
trap is adjusted by forming an electric field for ac- 
celerating ions in the direction of movement thereof 
between the ion trap outlet and the orthogonal ac- 
celerator inlet; 

only those ions that are in the acceleration region 
at the time of acceleration pulse voltage application 
are accelerated in the orthogonal accelerator and 
sent to the detector; 

broadening the mass-to-charge ratio range analyz- 
able by one process of ion accumulation in the ion 
trap is effected by providing means for reducing the 
velocity distribution of the ions entering the accel- 
eration region, including: 

(1 ) increasing the acceleration electric field dur- 
ing the period until ions are ejected from the ion 
trap and/or 

(2) varying the electric field in the region from 
the ion trap outlet to the orthogonal accelerator 
inlet or in a part of that region after ion ejection 
from the ion trap; 

broadening the mass-to-charge ratio range analyz- 
able by one process of ion accumulation in the ion 
trap is effected by: 

(3) dividing the mass-to-charge ratio range to 
be analyzed into a plurality of ranges, analyzing 
each divided region, and combining the data 
thus obtained, and/or 

(4) analyzing those ions in a low mass-to- 
charge ratio range among the ions accumulat- 
ed in the ion trap by ion trap mass spectrometry 
and analyzing the remaining ions using a 
TOFMS of orthogonal acceleration type; 



the entering of ions into the ion trap is controlled by 
means of a gate electrode by changing the voltage 
applied thereto; 

an orthogonal accelerator is used comprising a 
5 mesh electrode allowing passage of ions to be de- 

tected; 

a reflectron is used provided in the flow direction of 
the ions between the outlet of the orthogonal accel- 
erator and the detector; 
10 - an orthogonal accelerator is used divided into two 
acceleration electric field stages, and the space fo- 
cal plane is adjusted using the principle of two-stage 
acceleration; 

the ion trajectories are focused by using an electro- 
ns static lens provided between the ion trap and the 
orthogonal accelerator; 

the time from ion ejection from the ion trap to the 
application of a pulse voltage to the orthogonal ac- 
celerator is controlled by delay means provided in 
20 a controller, the delay time being determined in ad- 
vance according to the mass-to-charge ratio range 
of ions to be detected; 

the mass spectrometry is repeatedly carried out 
about 1 0 to 1 000 times, and the registered spectra 
25 are combined to an integrated spectrum. Thereaf- 
ter, the peak showing the highest intensity is select- 
ed from among the MS spectrum thus obtained, and 
MS/MS analysis is performed; 
resonance emission is utilized for discharging un- 
30 necessary ions other than the parent ion from the 
ion trap, preferably simultaneously with the entrap- 
ment and accumulation of ions in the ion trap. 

BRIEF DESCRIPTION OF THE DRAWINGS 

35 

[0022] For the present invention to be clearly under- 
stood and readily practiced, the present invention will 
be described in conjunction with the following figures, 
wherein like reference characters designatethe same or 
40 [0023] similar elements, which figures are incorporat- 
ed into and constitute a part of the specification, where- 
in: 

[0024] Fig. 1 shows the constitution of a mass spec- 
trometer according to the present invention; 

45 [0025] Fig. 2 shows the voltage sequence in a mass 
spectrometer according to the invention; 
[0026] Fig. 3 shows the constitution of a plane elec- 
trode type quadrupole ion trap adequate for use in the 
practice of invention; 

so [0027] Fig. 4 shows a first method of ion trap control 
by which the ion velocity distribution may be reduced; 
[0028] Fig. 5 schematically shows the mass-to- 
charge ratio range increasing effect which may be pro- 
duced by reducing the ion velocity distribution: 

55 [0029] Fig. 6 shows a second method of ion trap con- 
trol by which the ion velocity distribution may be re- 
duced; 

[0030] Fig. 7 shows the constitution of an electrode 
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constitution and a method of controlling the same by 
which the ion velocity distribution may be reduced; 
[0031] Fig. 8 shows the results of calculation indicat- 
ing the mass-to-charge ratio range increasing effect; 
[0032] Fig. 9 illustrates the segment method accord- 
ing to the invention; 

[0033] Fig. 10 shows the constitution of a hybrid ap- 
paratus according to the invention; and 
[0034] Fig. 11 shows the constitution of another mass 
spectrometer according to the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0035] It is to be understood that the figures and de- 
scriptions of the present invention have been simplified 
to illustrate elements that are relevant for a clear under- 
standing of the present invention, while eliminating, for 
purposes of clarity, other elements that may be well 
known. Those of ordinary skill in the art will recognize 
that other elements are desirable and/or required in or- 
der to implement the present invention. However, be- 
cause such elements are well known in the art, and be- 
cause they do not facilitate a better understanding of the 
present invention, a discussion of such elements is not 
provided herein. The detailed description will be provid- 
ed hereinbelow with reference to the attached drawings. 

First Exemplary Embodiment 

[0036] Fig. 1 shows a mass spectrometer according 
to the present invention and a measurement system us- 
ing the same. Taking proteome analysis as an example, 
the apparatus and measurement system according to 
the invention are described below. This analysis exam- 
ple is a proteome analysis example concerning a spe- 
cies of organism for which genome decipherment has 
been completed, and it is an example of the so-called 
shotgun method. 

[0037] According to the shotgun method, the molec- 
ular weights of partial fragments of proteins are deter- 
mined by mass spectrometry, and the original proteins 
are identified by checking a database for amino acid se- 
quences translated from genomic base sequences. In- 
itially, a protein mixture extraction from cells is decom- 
posed with a digestive enzyme, orthe like, to give a pep- 
tide mixture. A sample solution containing the resulting 
peptide mixture is loaded into the injector of a liquid 
chromatograph (LC) 60 and injected into the LC flow 
channel. The peptide mixture in the sample is separated 
into molecular species according to the molecular 
weight during passage through the separation column, 
and those species arrive one by one at the electrospray 
(ESI) ion source 1 connected to the LC flow channel ter- 
minus in about several minutes to several hours after 
sample injection. The ion source 1 is not limited to the 
ESI. The ion source 1 is always in operation, and the 
peptide fragments that have arrived at the ion source 
are ionized in order of arrival. 



[0038] The ions formed are introduced into the mass 
spectrometer through the aperture 2, then pass through 
the gate electrode 4 and enter the ion trap 5 disposed 
within a first vacuum region 3. 50 and 51 are power sup- 

5 plies connected to the gate electrode 4. The ion trap 5 
is comprised of a ring electrode 1 5 and two endcap elec- 
trodes 16 and 17. The ring electrode 15 is connected 
with a DC power supply 43 and a high-frequency (AC) 
power supply, and the endcap electrodes 1 6 and 1 7 are 

10 connected with DC power supplies 41 , 44 and high fre- 
quency (AC) power supplies 42, 45, each via a switch 
48, respectively. The switching (on-and-off) timing of the 
switch 48 is controlled by a controller 1 4. In Fig. 1 , there 
is shown a gas supply pipe 6; in principle, however, this 

15 is unnecessary. 

[0039] In accumulating ions, a high-frequency voltage 
is applied to the ring electrode 1 5, while the two endcap 
electrodes 16, 17 are grounded. By this, a quadrupole 
electric field is formed within the ion trap 5 and can en- 

20 trap those ions not lower in mass-to-charge ratio (m/z) 
than that corresponding to the amplitude of the high-fre- 
quency voltage among the incoming ions. After about 1 
to 100 ms of ion accumulation in that manner, the volt- 
age of the gate electrode 4 is changed (via switch 52) 

25 to thereby stop ions from entering the ion trap. In this 
state, the ions entrapped are stabilized for about 0 to 1 0 
ms. 

[0040] Thereafter, the high-frequency voltage appli- 
cation to the ring electrode 15 is discontinued and, im- 

30 mediately thereafter, a DC voltage of about 0 to 1 00 V 
is applied to the ring electrode 15 and two endcap elec- 
trodes 16,17 (rise time about 1 0-1 00 ns) to thereby form 
an acceleration electric field within the ion trap 5. The 
accelerated ions are discharged from the ion trap 5 and 

35 pass through the pinhole 7, which is grounded. The ki- 
netic energy of an ion in the axial direction of the ion trap 
after passage through the pinhole 7 is determined by 
the potential Vtrap in the central part of the ion trap 5 
but does not depend on the mass number of the ion. 

40 [0041] The ion that has passed through the pinhole 7 
flies at a velocity v determined by (M/z) v 2 = 2e Vtrap and 
passes through the orthogonal accelerator 1 8. Here, M 
is the mass of the ion, z is the valence of the ion, and e 
is the elementary electric charge. Therefore, an ion 

45 smaller in m/z arrives at the accelerator 1 8 earlier. 

[0042] The orthogonal accelerator 1 8 is comprised of 
two parallel plate electrodes 9 and 10 and is disposed 
in a second vacuum region 8. While the orthogonal ac- 
celerator 18 is filled with ions, the two electrodes 9, 10 

50 are grounded and, after completion of ion filling, a high- 
voltage pulse is applied to the acceleration electrode 9 
(rise time 1 0 to 1 00 ns). The electrode 1 0 is in a mesh 
form for allowing passage of ions, with the periphery be- 
ing in a plate form, and the outward form thereof is al- 

55 most equal to that of the electrode 9. Therefore, the ions 
that have entered the orthogonal accelerator 18 after 
application of the acceleration voltage to the accelera- 
tion electrode 9 are immediately accelerated and collide 
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against the periphery of the electrode 1 0 but do not ar- 
rive at the detector. The ions that have passed through 
the meshed portion of the electrode 10 fly through the 
electric field-free drift space 1 1 and enter the ref lectron 

12 and are inverted within the reflectron and again fly 
through the drift space and enter the MCP detector 1 3. 
The use of the reflectron 1 2 is advantageous in that the 
time divergence due to the spatial spreading (in the di- 
rection of acceleration) of ions in the orthogonal accel- 
erator 1 8 can thereby be focused to improve the resolv- 
ing power and in that the apparatus can be made small- 
er. By dividing the orthogonal accelerator 1 8 into two ac- 
celeration electric field stages and adjusting the space 
focal plane using the principle of two-stage acceleration, 
it is possible to optimize the focusing effect of the reflec- 
tron 12. 

[0043] The flying direction of ions that have entered 
the drift space 11 has a certain angle a relative to the 
direction of the acceleration electric field. The angle a 
of ion flight depends upon Vtrap and the initial voltage 
Vacc within the orthogonal accelerator 1 8, but does not 
depend on m/z. Therefore, for detecting all ions that are 
accelerated, the detector used should be at least equiv- 
alent in length to the acceleration region. The magni- 
tudes of Vtrap and Vacc are, for example, 20 V and 7.5 
kV, respectively, and a is about 3 degrees. 
[0044] When, in the above case, ion trajectories are 
focused by using an electrostatic lens 30, the detector 

13 can be made smaller in size. At the same time, by 
disposing the electrostatic lens 30 between the ion trap 
outlet and the pinhole 7, it is possible to increase the 
amount of ions passing through the pinhole and to im- 
prove the detection sensitivity. At the same time, the 
spreading of ion beams can be suppressed, and the res- 
olution can be improved. By switching the switches 48, 
49 and 52, the controller 14 controls the magnitudes of 
the voltage to be applied to the gate electrode 4, ring 
electrode 15, endcap electrodes 16, 17 and orthogonal 
accelerator 18 as well as the timings of application 
thereof. 

[0045] The time from ion ejection from the ion trap 1 5 
to the application of a pulse voltage to the orthogonal 
accelerator 18 is controlled by a delay circuit disposed 
within the controller 14. The relationship between the 
delay time and the m/z range of ions to be detected is 
determined by the electrode disposition from the ion trap 
5 tothe orthogonal accelerator 1 8 and by each electrode 
potential in transferring ions from the ion trap to the or- 
thogonal accelerator 1 8. Therefore, the delay time is de- 
termined in advance according to the m/z range of ions 
to be detected. The controller 62 is superior to the con- 
troller 14 and interlocks the timing of starting measure- 
ment by the detector 13, the operational control of the 
orthogonal accelerator 1 8 by the controller 1 4, and other 
similar operations. 

[0046] Fig. 2 shows the voltage sequence applied to 
the respective electrodes in carrying out ordinary MS 
analysis. After ion ejection from the ion trap, the voltage 



of each electrode in the ion trap is switched from the DC 
voltage for acceleration electric field formation to a volt- 
age for forming a quadrupole electric field. Immediately 
thereafter (after about 1 jxs), the gate voltage is changed 

5 to restart ion injection into the ion trap. Thereafter, an 
acceleration voltage pulse is applied to the orthogonal 
accelerator. The pulse width of the acceleration voltage 
pulse is set at a level somewhat longer than the time 
required for all ions occurring in the acceleration region 

10 to enter the drift space. This time depends on the range 
of mass-to-charge ratios of ions occurring in the accel- 
eration region. This mass-to-charge ratio range (here- 
inafter, "mass window") depends on the time from just 
after acceleration electric field formation in the ion trap 

15 to the application of the acceleration voltage pulse (Tacc 
in the figure). 

[0047] The mass window is selected by a technician 
or operator and is input through the keyboard of a com- 
puter. The ratio Mmax/Mmin between the maximum val- 

20 ue Mmax andthe minimum value Mmin of the mass win- 
dow does not depend on Vtrap, but rather is constant. 
Therefore, the operator need only input Mmin (or Mmax) 
alone. Alternatively, a system may be employed in which 
a plurality of appropriate mass windows are prepared in 

25 advance, for example, on the display of a personal com- 
puter, and the operator selects one of these mass win- 
dows. The timing of acceleration pulse application and 
the acceleration pulse width are preferably automatical- 
ly calculated by software. 

30 [0048] Generally, mass spectrometry is repeated 
about 10 to 1 ,000 times to obtain an integrated spec- 
trum. Thereafter, the peak showing the highest intensity 
is selected from among the MS spectrum thus obtained, 
and MS/MS analysis is performed. This selection is pref- 

35 erably automatically made by software. In MS/MS anal- 
ysis, like in the case of MS analysis, ions are accumu- 
lated in the ion trap. Then, ions other than the ion cor- 
responding to the selected ion (called the "parent ion") 
are discharged from the ion trap, and the parent ion is 

40 decomposed by CID. Some of all of the fragment ions 
(called "daughter ions") formed upon decomposition of 
the parent ion are entrapped and accumulated in the ion 
trap. Then, the daughter ions are ejected from the ion 
trap using the same sequence as that shown in Fig. 2 

45 and subjected to TOFMS analysis. 

[0049] Generally, the above sequence is repeated 
about 1 0 to 1 00 times and the MS/MS spectral data ob- 
tained are stored in a recording medium. After comple- 
tion of analysis of the sample solution, the MS/MS spec- 

50 tra are integrated, and the molecular weight of each 
daughter ion is calculated. For the ESI method, which, 
in particular, tends to allow the formation of multivalent 
ions, it is first necessary to determine the valence of 
each ion. Since a protein contains a large number of car- 

55 bon atoms, the valence of a fragment ion can be deter- 
mined based on the distance between isotope peaks 
due to stable carbon isotopes. The average molecular 
weight of each daughter ion is then determined based 
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upon the isotope peak intensity ratios and the valence. 
By checking the molecular weight obtained against a da- 
tabase 61 (Fig. 10), the original protein is identified. 
[0050] A peak showing the second highest intensity 
is then selected from among the MS spectrum and sub- 
jected to MS/MS analysis in the same manner. There- 
after, MS/MS analysis is performed upon successively 
decreasing peaks until the peak with the nth highest in- 
tensity is analyzed. Generally, n is approximately 1 to 5 
and is selected in advance by the measuring personnel. 
The above series of measurements is repeated on a 
mass spectrometer until completion of the analysis of 
the sample solution. 

[0051] Generally, one MS spectrometric measure- 
ment and one MS/MS spectrometric measurement re- 
quire 0.1 to several seconds, respectively, and one se- 
ries of measurements requires several to scores of sec- 
onds in total. On the other hand, each peptide fragment 
eluted from an LC is introduced into the mass spectrom- 
eter for scores of seconds to several minutes. There- 
fore, the series of measurement is repeated several 
times to scores of times for each peptide fragment. 
[0052] In Fig. 3, there is shown the construction of a 
quadrupole ion trap suited for use in the mass spectrom- 
eter of the present invention. The ion trap is comprised 
of four parallel plate electrodes 21 to 24. The two termi- 
nal ones are endcap electrodes 21 and 24, and the in- 
termediate two are ring electrodes 22 and 23. For accu- 
mulating ions, the same high-frequency voltage, identi- 
cal in amplitude, frequency and phase, is applied to the 
two ring electrodes 22 and 23, while the two endcap 
electrodes are grounded. For ejecting ions, an appropri- 
ate DC voltage is applied to the four electrodes to there- 
by form an acceleration electric field. The use of a plane 
quadrupole ion trap enables the formation of a uniform 
acceleration electric field and is advantageous in that: 
(1) the ion beam spreading is slight; (2) the control of 
the space focal plane by two-stage acceleration is easy; 
and (3) the spatial focusing effect is also good. By dis- 
posing the space focal plane by two-stage acceleration 
at the detection site or in the vicinity thereof, it becomes 
possible to reduce the spreading of ions within the de- 
tection plane and suppress the detection sensitivity from 
decreasing in the terminal portions of the mass-to- 
charge ratio range. 

[0053] Resonance emission is utilized as a means for 
discharging unnecessary ions other than the parent ion 
from the ion trap. In effecting resonance emission, an 
AC voltage with a frequency of f is applied between a 
pair of endcap electrodes. On that occasion, the trajec- 
tory of ions having an m/z corresponding to thefrequen- 
cy f is rapidly expanded and the ions are discharged 
from the ion trap. When scanning is carried out with this 
frequency f in a predetermined frequency range exclu- 
sive of the vicinity of the frequency fO corresponding to 
the m/z of the parent ion, ions other than the parent ion 
are discharged from the ion trap. This resonance emis- 
sion may also be effected simultaneously with the en- 



trapment and accumulation of ions in the ion trap. In this 
case, the accumulation of ions and the discharging of 
unnecessary ions are carried out simultaneously, such 
that the cycle of repetition of analysis is shortened and, 

5 as a result, the sensitivity is improved. 

[0054] It is also possible to discharge unnecessary 
ions by applying desired frequency components other 
than the frequency fO and the vicinity thereof simultane- 
ously in an overlapping manner, ratherthan by scanning 

10 with the frequency f. When this technique is employed, 
no frequency scanning is necessary; hence, the time re- 
quired for discharging unnecessary ions may advanta- 
geously be curtailed. Other methods, for example a 
method comprising applying a DC voltage with a high- 

15 frequency voltage in an overlapping manner to a ring 
electrode, can also be used for eliminating unnecessary 
ions. This method, however, is complicated in voltage 
control, and the method utilizing resonance emission is 
more practical. 

20 [0055] In Fig. 4, an example of the ion trap controlling 
method by which the ion velocity distribution can be re- 
duced is shown. After ion accumulation in the ion trap, 
the high frequency voltage application is discontinued, 
and a DC voltage then is applied to two endcap elec- 
ts trodes and a ring electrode to form an accelerating elec- 
tric field within the ion trap. On that occasion, each elec- 
trode potential is gradually varied from the ground po- 
tential level such that the gradient of the accelerating 
electric field may be increased, The gradual change in 

30 electrode potential is effected by means of a voltage 
scanning circuit adapted to the DC power supply. When 
the maximum voltage value (absolute value) and the 
time required for reaching that maximum voltage value 
are set up, the voltage scanning circuit can realize arbi- 

35 trary voltage scanning. 

[0056] When ions are ejected by means of a constant 
accelerating electric field, the kinetic energy of ions 
ejected from the ion trap is constant. The velocity v of 
an ion ejected is defined by v = V (2(z/M)eV). Here, M 

40 is the mass of the ion , and V is the potential in the central 
portion of the ion trap. Thus, when the accelerating elec- 
tric field is increased, the kinetic energy of an ion ejected 
increases with the increase in m/z. Therefore, when the 
m/z has a larger value, V in the above velocity formula 

45 is also larger. By adequately selecting the increment in 
accelerating electric field and the increasing velocity, it 
is possible to expand the mass-to-charge ratio range 
that may be analyzed at a single time and. at the same 
time, reduce the size of the detector. 

so [0057] In Fig. 5, there are schematically shown ion tra- 
jectories for (a) a case where the accelerating electric 
field is not increased and (b) a case where the acceler- 
ation electric field is increased appropriately. The same 
effect can also be achieved by increasing the acceler- 

55 ating electric field stepwise. 

[0058] Fig. 6 shows an ion trap controlling method by 
which the accelerating electric field is increased step- 
wise. The method comprising a stepwise increase in the 
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accelerating electric field is advantageous in that the 
spatial spreading of ions due to the turnaround time can 
be suppressed. 

[0059] Fig. 7 shows an example of apparatus con- 
struction and of the controlling method by which the ve- 
locity distribution of ions can be reduced. An electrode 
65 is disposed between the ion trap 5 and orthogonal 
accelerator 18. The electrode 65 is generally set at a 
potential such that a decelerating electric field is formed 
between it and the ion trap outlet side. The RF voltage 
application to the ring electrode 1 5 is discontinued, and 
an accelerating electric field is formed within the ion trap 
5 to eject the ions accumulated in the ion trap. While 
ions are ejected and pass through the decelerating elec- 
tric field, the potential of the electrode 65 either: (a) de- 
creases the gradient of the decelerating electric field; 
(b) causes the decelerating electric field to disappear; 
or (c) forms an accelerating electric field, as shown in 
the figure. By optimizing the change in decelerating 
electric field and the timing of changing, the same effect 
as that shown in Fig. 5 can be achieved. The optimizing 
conditions are formularized and stored in the software 
for measurement, and the measuring operator may only 
be required to designate the minimum mass (or maxi- 
mum mass). 

[0060] Fig. 8 shows, as an example, the results of cal- 
culation concerning the mass-to-charge ratio range en- 
larging effect of the above-mentioned method. The elec- 
trode construction and voltage controlling method are 
as shown in Fig. 8(a). The ion trap used is of the plate 
type, and the multi-stage acceleration method is used 
for optimizing the space focal plane. An electrode is dis- 
posed behind the outlet of the multi-stage accelerator to 
form a decelerating electric field between the multi- 
stage accelerator outlet (ground potential) and the elec- 
trode, and the decelerating electric field is caused to dis- 
appear at a certain timing during passage of the ions 
therethrough by changing the electrode potential to the 
ground potential. 

[0061] The calculation results shown in Fig. 8(b) are 
for the case where the present method is used, and 
those shown in Fig. 8(c) are for the case where the 
present method is not used, namely the case where the 
electrode is always at ground potential. In each graph, 
the first ordinate axis denotes the position of ions at the 
time of acceleration pulse application to the orthogonal 
accelerator. Here, the position 0 mm corresponds to the 
accelerator inlet, and the position 50 mm to the accel- 
erator outlet. From the figures, it is seen that when the 
present method is used, ions with m/z 500 to 3,1 00 oc- 
cur in the acceleration region at the time point of accel- 
eration pulse application. The ratio between maximum 
mass and minimum mass (Mmax/Mmin) is 6.2. On the 
other hand, when this method is not used, ions with m/ 
z 600 to 1 ,600 occur in the acceleration region, and the 
ratio Mmax/Mmin is 2.7. Thus, the mass window is about 
2.3-fold enlarged with the present method. 
[0062] In each graph, the second ordinate axis de- 



notes the kinetic energy of ions in the orthogonal accel- 
erator. Using the position and kinetic energy obtained 
by this calculation as initial conditions, the ion trajecto- 
ries in the TOF segment may be calculated using the 
5 ion trajectory analysis software "SIM ION," whereupon it 
is revealed that the spatial distribution of ions on the de- 
tection face of the detector is within 13 mm when the 
present method is used. When this method is not used, 
the spatial distribution on the detection face is equal to 
10 the length of the acceleration region, as mentioned 
above, namely 50 mm. Thus, the size of the detector 
can be reduced to about one third its conventional size. 
[0063] As an alternative to this method, a method 
comprising changing the potential of the endcap elec- 
ts trode on the outlet side of the ion trap during passage 
of ions between the endcap on the outlet side and the 
electrode may be used to produce the same effect. Al- 
ternatively, the potentials of both the outlet side endcap 
and the electrode may be changed. In summary, the on- 
20 |y requirement is to change the electric field between 
both the electrodes such that the ratio in kinetic energy 
between preceding ions and succeeding ions among 
the ions flying between both the electrodes can be re- 
duced. For reducing the dispersion of the ion beam, 
25 however, the method comprising decelerating preced- 
ing ions is preferred to the method comprising acceler- 
ating succeeding ions. 

[0064] This method is also effective in an orthogonal 
acceleration type TOFMS in which a linear trap (two- 

30 dimensional ion trap) is used. The means for reducing 
the velocity distribution of ions may also utilize a mag- 
netic field, rather than an electric field. 
[0065] As the means for ejecting ions from the ion 
trap, the method which comprises discontinuing RF volt- 

35 age application for ion accumulation and then forming 
an accelerating electric field within the ion trap is pref- 
erably used. When an accelerating electric field is 
formed while applying an RF voltage, the spatial distri- 
bution of ions within the ion trap, the kinetic energy dis- 

40 tribution for the ions within the ion trap, and the spatial 
dispersion of ions in the acceleration region due to im- 
pact scattering by collision with neutral gas molecules 
increases. When the present method is used, no such 
increasing effects are produced. 

45 [0066] Ions within the ion trap show spatial distribution 
to a certain extent, such that even when the above-men- 
tioned ion ejecting means is provided, the ions differ in 
initial potential at the time of ejection owing to their dif- 
fering initial positions. Ions on the remote side from the 

50 outlet are ejected later than the ions on the close side 
to the outlet. Because, however, the velocity of the 
former ions is higher as compared with the ions on the 
close side to the outlet, the former overtake the latter at 
a certain position. This position is called the "space focal 

55 plane". By forming an electric field for accelerating ions 
in the direction of movement thereof between the ion 
trap outlet to the orthogonal accelerator, it is possible to 
adjust the position of the space focal plane according to 
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the well-known principle of multi-stage acceleration. By 
optimizing the position of the space focal plane accord- 
ing to this principle, it becomes possible to improve the 
efficiency of detection of ions occurring in the accelera- 
tion region terminus. 

Second Exemplary Embodiment 

[0067] Fig. 9 shows an example of the analytical se- 
quence using the segment method according to the 
present invention. In the segment method, a mass-to- 
charge ratio range to be analyzed is divided into several 
segments. In the example shown here, an m/z range of 
200 to 3,200 is analyzed using an apparatus with Mmax/ 
Mmin = 2. In this case, the whole mass-to-charge ratio 
range is divided into 200 to 400 (mass window 1), 400 
to 800 (mass window 2), 800 to 1 ,600 (mass window 3) 
and 1 ,600 to 3,200 (mass window 4). Considering the 
sensitivity decrease at the end portions of each mass 
window, the respective neighboring mass windows are 
terminally overlapped to an appropriate extent. In joining 
the mass spectra together, the spectrum higher in inten- 
sity is selected out of the two spectra of the respective 
windows in each overlapping mass range. 
[0068] Initially, ions are accumulated in the ion trap, 
the ions are then ejected from the ion trap, and an ac- 
celeration pulse is applied for analyzing the mass win- 
dow 1 . A second acceleration pulse is then applied for 
analyzing the mass window 3. Thereafter, ions are ac- 
cumulated again, and mass windows 2 and 4 are ana- 
lyzed in the same manner. When the number of mass 
windows is larger, the whole range can be analyzed by 
two periods of ion accumulation while increasing the 
number of acceleration pulses to be applied following 
each time of ion accumulation. The measuring person 
is required only to select the mass-to-charge ratio range 
to be analyzed. The mass window setting and the timing 
of each acceleration pulse application are automatically 
determined or calculated by the appropriate software. 
[0069] Since the possibility of daughter ion peaks 
overlapping with the parent ion peak is low, the neces- 
sity of analyzing the region close to the parent ion peak 
is not great. In the ion trap, daughter ions having not 
higher than 1/3 or not lower than 3 in m/z ratio to the 
parent ion are not accumulated. Therefore, when an ap- 
paratus with M max/Mm in = approximately 3 is used, it 
is sufficientto analyze two regions lower and higherthan 
the parent ion peak, excluding the vicinity of that peak 
following one ion accumulation process. 

Third Exemplary Embodiment 

[0070] Fig. 1 0 shows a hybrid apparatus according to 
the invention comprised of an ion trap type mass spec- 
trometer and an ion trap-connected time-of-flight mass 
spectrometer of the orthogonal acceleration type. This 
apparatus is constructed by disposing a detector 68 for 
detecting ions deflected by deflection electrodes 66 and 



67 in the ion trap-connected time-of-flight mass spec- 
trometer of the orthogonal acceleration type. In ion trap 
mass spectrometry, a mass spectrum is obtained by 
scanning with a high frequency voltage amplitude to dis- 

5 charge ions from the ion trap in an increasing order of 
m/z, and detecting the same. In this hybrid apparatus, 
a potential difference is given between the two deflec- 
tion electrodes and scanning is made with a high fre- 
quency voltage, and the ions discharged are deflected 

10 and directed to the detector. Out of the two deflection 
electrodes, the one through which ions pass is in a 
mesh-like form. It is also possible to deflect ions by pro- 
viding a potential difference between the other electrode 
and the plane of incidence of the detector in lieu of the 

15 use of the mesh-like electrode. This detector may also 
be disposed behind the orthogonal accelerator. In this 
case, the deflection electrodes 66, 67 are no longer nec- 
essary, and the apparatus construction is simplified. 
However, the sensitivity is sacrificed due to the occur- 

20 rence of a pinhole in the middle of the route of ions. 
[0071] The amplitude of the high frequency voltage is 
then fixed at an appropriate value, and the ions remain- 
ing in the ion trap are stabilized for about 0 to 10 ms, 
during which the function of the deflection electrodes is 

25 ceased. Thereafter, TOFMS analysis is performed. 
Even with an apparatus with M max/Mm in = approxi- 
mately 2, this method makes it possible to analyze an 
m/z range as wide as 100 to 3,000 by one ion accumu- 
lation procedure by, for example, analyzing the m/z 

30 range of 100 to 1 ,500 by ion trap mass spectrometry 
and analyzing the m/z range of 1,500 to 3,000 by the 
TOFMS. This method may be combined with the method 
of enlarging the mass windows by reducing the velocity 
distribution of ions and, by this combination, a broader 

35 mass-to-charge ratio range can be measured with high 
resolution. 

[0072] In proteome analysis using the shotgun meth- 
od, a higher level of mass resolution is more advanta- 
geous in determining the valences of daughter ions. 

40 When, however, the parent ion is selected, such reso- 
lution power as for daughter ions is not necessary, but 
rather, the detection sensitivity is more important. Gen- 
erally, MS/MS measurements can attain higher sensi- 
tivity as compared with MS measurements. The reasons 

45 for this include: in MS/MS measurements, ion accumu- 
lation conditions can be selected solely for the target 
parent ion; that other ions and chemical noises can be 
markedly reduced in the process of isolation; and that 
decomposition of the parent ion to lower molecular 

50 weight compounds results in a decrease in the number 
of isotope peaks and an increase in peak intensity per 
peak. When the ITMS and orthogonal acceleration type 
IT-TOFMS are compared, the ITMS is higher in sensi- 
tivity in some cases according to the measurement con- 

55 ditions and apparatus constitution. When this hybrid ap- 
paratus is used, it is possible to use the ITMS for MS 
spectrum measurements and the TOFMS for MS/MS 
spectrum measurements. The parent ion selection effi- 
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ciency is thereby improved and, as a result, the protein 
identification efficiency is improved. 

Fourth Exemplary Embodiment 

[0073] In Fig. 11, another example is shown of the 
construction of a mass spectrometer according to the 
present invention. Ions formed in the ion source are in- 
troduced into a quadrupole ion trap disposed in a first 
vacuum region 3 within a vacuum system. The ions are 
trapped and accumulated in the ion trap for a certain 
period of time and then ejected from the ion trap. The 
ions ejected pass through a pinhole 7 and enter a sec- 
ond vacuum region 8 in which atime-of-flight measuring 
device is disposed. An orthogonal accelerator is dis- 
posed in the second vacuum region 8 and can form an 
electric field for accelerating the ions after passage 
through the pinhole 7 in the direction orthogonal to the 
axial direction of the ion trap (direction of ejection of 
ions). Initially, no electricfield is formed in the orthogonal 
accelerator and, while the ions to be detected are pass- 
ing through the orthogonal accelerator, a pulse voltage 
is applied to form an accelerating electric field. 
[0074] Based on the time of flight of an accelerated 
ion until arrival at the detector 13, the ratio m/z of the 
ion can be determined. Since an inert gas {e.g., helium 
or argon) has been introduced into the ion trap inside 
for the purpose of increasing the trapping efficiency, the 
degree of vacuum within the ion trap is about 1 mTorr, 
and the degree of vacuum outside the ion trap but within 
the first vacuum region 3 is about 10 joTorr. The first vac- 
uum region 3 and second vacuum region 8 are separat- 
ed from each other by a partition wall having only a pin- 
hole 7 with a diameter of about 1 to 2 mm, and are under 
high vacuum (about 0.1 uTorr). Since the accelerator is 
disposed in such a high vacuum region of about 0.1 
jaTorr, ions rarely collide with neutral gas molecules dur- 
ing acceleration or after acceleration until arrival at the 
detector. A high level of resolution can thus be realized. 
[0075] The ions ejected from the ion traps arrive at the 
orthogonal accelerator in an increasing order of m/z 
thereof, such that only those ions passing through the 
accelerator at the time of pulse voltage application to 
the orthogonal accelerator are detected. However, in the 
present apparatus, ions can be focused, by using a 
quadrupole ion trap, in a very narrow region (for exam- 
ple, not more than about 1 mm in diameter) in the central 
portion of the ion trap, so that the spatial distribution of 
ions having the same m/z in the axial direction in the 
orthogonal accelerator is narrow; the apparatus is thus 
characterized in that the detection sensitivity thereof is 
high as to ions to be detected. 



electrodes disposed in the ion trap from alternating to 
direct, the same effect can be produced by disposing 
the means for reducing the ion velocity distribution out- 
side the ion trap. Thus, the ion velocity distribution re- 
5 ducing effect can be produced by disposing, outside the 
ion trap, parallel electrodes connected to a DC current 
power supply and applying a DC voltage to ions ejected 
from the ion trap. 

[0077] By enlarging the mass-to-charge ratio range 

10 analyzable per ion accumulation in an ion trap-connect- 
ed time-of-flight mass spectrometer of the orthogonal 
acceleration type as an MSn apparatus with high reso- 
lution and high sensitivity, the practicability thereof in 
proteome analysis is improved and, as a result, the ef- 

15 ficiency of protein identification is improved. 

[0078] Nothing in the above description is meant to 
limit the present invention to any specific materials, ge- 
ometry, or orientation of parts. Many part/orientation 
substitutions are contemplated within the scope of the 

20 present invention. The embodiments described herein 
were presented by way of example only and should not 
be used to limit the scope of the invention. 
[0079] Although the invention has been described in 
terms of particular embodiments in an application, one 

25 of ordinary skill in the art, in light of the teachings herein, 
can generate additional embodiments and modifica- 
tions without departing from the spirit of, or exceeding 
the scope of, the claimed invention. Accordingly, it is un- 
derstood that the drawings and the descriptions herein 

30 are proffered by way of example only to facilitate com- 
prehension of the invention and should not be construed 
to limit the scope thereof. 



35 Claims 

1. Mass spectrometer, comprising: 

an ion source (1), 
40 an ion trap (5) for accumulating the ions formed 

in the ion source (1) and ejecting the ions, 
velocity reducing means for reducing the veloc- 
ity distribution of the ions ejected from the ion 
trap (5), 

45 first voltage applying means for applying a volt- 

age, in a transverse direction relative to the di- 
rection of ion ejection, to the ions ejected from 
the velocity reducing means; 
and 

50 a detector (13) for detecting the ions to which 

the voltage has been applied in the transverse 
direction. 



Fifth Exemplary Embodiment 

[0076] While in the first exemplary embodiment the 
ion velocity distribution is narrowed by switching the 
voltage polarity applied to the ring electrode and endcap 



2. Mass spectrometer according to claim 1 , wherein 
55 the velocity reducing means comprise second volt- 
age applying means for applying a voltage to the 
ions ejected from the ion trap (5). 
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3. Mass spectrometer according to claim 1, further 
comprising: 



4. Mass spectrometer according to claim 3, wherein 20 
the first DC power supply (43) or the second DC 
power supply (41 , 44) is equipped with a voltage 
scan circuit for a stepwise application of DC voltag- 
es. 

25 

5. Mass spectrometer according to claim 3, wherein 
the first DC power supply (43) or the second DC 
power supply (41 , 44) is equipped with a voltage 
scan circuit for a ramped application of DC voltages. 

30 

6. Mass spectrometer according to any of claims 1 to 
5, which further comprises an electrostatic lens (30) 
disposed between the first voltage applying means 
and the detector (13). 

35 

7. Mass spectrometer, comprising: 



8. Mass spectrometer according to claim 7, further 55 
comprising: 

deflecting means (66, 67) for deflecting the tra- 



jectory of ions discharged from the ion trap (5) 
into the first detector. 

9. Mass spectrometer, comprising: 

an ion source (1), 

an ion trap (5) for accumulating the ions formed 
in the ion source (1) and ejecting the ions, 
controlling means (14) for controlling the timing 
of ion ejection from the ion trap (5) ; 
first voltage applying means for applying a volt- 
age, in a transverse direction relative to the di- 
rection of ion ejection, to the ions ejected from 
the ion trap (5), 

a controller (62) for interlocking the first voltage 
applying means with the controlling means (1 4) 
for controlling thetiming of ion ejection, the con- 
troller (62) determining the period between the 
timing of starting ion ejection and the timing of 
starting the operation of the voltage applying 
means, according to the range of the mass-to- 
charge ratios of the ions to be identified, and 
a detector (13) for detecting the ions to which 
the voltage has been applied in the transverse 
direction. 

10. Mass spectrometer according to claim 9, wherein 
the controller (1 4, 62) varies the period between the 
timing of starting ion ejection and the timing of start- 
ing the operation of the voltage applying means in 
a way such that multiple mass-to-charge ratio rang- 
es can be analyzed. 

11. Mass spectrometer according to claim 9, wherein 
the controller (14, 62) causes the first voltage ap- 
plying means to apply the transverse voltage a plu- 
rality of times from the initiation of ion ejection so 
that multiple mass-to-charge ratio ranges can be 
analyzed. 

12. Mass spectrometer according to claim 11 , wherein 
the ion ejection and application of a plurality of 
transverse voltages are repeated and the timing of 
application of the plurality of transverse voltages dif- 
fers per each repeated ion ejection. 

13. Mass spectrometer according to claim 11 , wherein 
the controller (14, 62) determines the period be- 
tween the timing of starting ion ejection and the tim- 
ing of starting the operation of the voltage applying 
means such that each mass-to-charge ratio region 
for ion detection may partly overlap with the preced- 
ing one and/or succeeding one per application of 
the transverse voltage. 

14. Mass spectrometer according to any of claims 1 to 
13, wherein the ion trap (5) is a quadrupole ion trap. 



a ring electrode (15) and endcap electrodes 
(16, 17) in the ion trap (5), 5 
a first direct current (DC) power supply (43) and 
a first alternating current (AC) power supply for 
supplying electric power to the ring electrode 
(15), 

a second DC power supply (41 , 44) and a sec- 10 
ond AC power supply (42, 45) for supplying 
electric power to the endcap electrodes (16, 
17), and 

switching means (48, 1 4) for switching between 
the first DC power supply (43) and the first AC 15 
power supply and between the second DC 
power supply (41 , 44) and the second AC pow- 
er supply (42, 45), respectively. 



an ion source (1 ), 

an ion trap (5) for trapping the ions formed in 
the ion source (1), discharging means (66, 67) 40 
for discharging part of the ions trapped from the 
ion trap (5) in order to increase the mass-to- 
charge ratio, 

a first detector (68) for detecting the discharged 
ions, 45 
ejecting means for ejecting the ions trapped by 
the ion trap (5), voltage applying means (9, 1 0) 
for applying a voltage, in the transverse direc- 
tion relative to the direction of ion ejection, to 
the ions ejected from the ion trap (5), and 50 
a second detector (13) for detecting the ions to 
which the voltage has been applied in the trans- 
verse direction. 
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15. Mass spectrometer according to any of claims 1 to 
14, further comprising: 

means for selecting a group of ions among the 
ions trapped in the ion trap (5), 5 
discharging means for discharging, from the ion 
trap (5), ions otherthan the selected ions while 
retaining the selected ions within the ion trap 
(5), and 

dissociation means for dissociating the select- 10 
ed ions within the ion trap (5). 

16. Mass spectrometer according to claim 1 5, wherein 
the discharging means comprise a pair of elec- 
trodes and an alternating current (AC) powersupply 15 
for applying an AC voltage between the electrodes 
and scanning a frequency within a selected fre- 
quency range. 

17. Mass spectrometer according to claim 1 6, wherein 20 
the discharging means apply a voltage containing 
frequency components other than the selected fre- 
quency range between the pair of electrodes. 

18. Mass spectrometer according to any of claims 1 to 25 
17, wherein the ejecting means for ejecting ions 
from the ion trap (5) in a predetermined direction 
comprise 

means (41 -45) for applying an alternating cur- 
rent (AC) voltage and a direct current (DC) voltage so 
to the ion trap, and 

a controller (1 4) for controlling the order of ap- 
plying the AC voltage and DC voltage, the controller 
(14) allowing AC voltage application and, after ter- 
mination of the AC voltage application, allowing DC 35 
voltage application. 

19. Measurement system, comprising: 

a liquid chromatograph and 40 
a mass spectrometer according to claim 1 or to 
any of claims 2 to 18. 

20. Measurement system according to claim 1 9, further 
comprising a database (61 ) holding information per- 45 
taining to proteome analysis. 

21. Method for time-of flight mass spectrometry 
(TOFMS), particularly for proteome analysis ac- 
cording to the shotgun method, comprising the fol- 50 
lowing measures: 

(A) Producing ions of thesampleto be analyzed 
in an ion source; 

(B) introducingthe ionsformed inthe ion source 55 
into an ion trap; 

(C) ejecting ions from the ion trap and transfer- 
ring the ions to an orthogonal accelerator; 



(D) applying a pulsed acceleration voltage to 
the accelerator in the transverse direction rela- 
tive to the direction of the ion flow from the ion 
trap; 

(E) controlling the mass-to-charge ratio range 
(mass window) by setting the time from ion 
ejection from the ion trap to acceleration volt- 
age pulse application at predetermined values, 
and 

(F) detecting the accelerated ions in a time-of- 
flight arrangement by means of a detector. 

22. Method according to claim 21 , 

characterized in that it comprises one or more of 
the following measures: 

Ions formed in the ion source are introduced in- 
to the ion trap through switching means, partic- 
ularly a gate electrode; 

a quadrupole ion trap is used comprising a ring 
electrode; 

an accelerating electric field is formed within 
the ion trap after stopping the application or un- 
der application of an RF voltage for accumulat- 
ing ions; 

the position of the space focal plane within the 
ion trap is adjusted by forming an electric field 
for accelerating ions in the direction of move- 
ment thereof between the ion trap outlet and 
the orthogonal accelerator inlet; 
only those ions that are in the acceleration re- 
gion at the time of acceleration pulse voltage 
application are accelerated in the orthogonal 
accelerator and sent to the detector; 
broadening the mass-to-charge ratio range an- 
alyzable by one process of ion accumulation in 
the ion trap is effected by providing means for 
reducing the velocity distribution of the ions en- 
tering the acceleration region, including: 

(1) increasing the acceleration electricfield 
during the period until ions are ejected from 
the ion trap and/or 

(2) varying the electric field in the region 
from the ion trap outlet to the orthogonal 
accelerator inlet or in a part of that region 
after ion ejection from the ion trap; 

broadening the mass-to-charge ratio range an- 
alyzable by one process of ion accumulation in 
the ion trap is effected by: 

(3) dividing the mass-to-charge ratio range 
to be analyzed into a plurality of ranges, an- 
alyzing each divided region, and combin- 
ing the data thus obtained, and/or 

(4) analyzing those ions in a low mass-to- 
charge ratio range among the ions accu- 
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mulated in the ion trap by ion trap mass 
spectrometry and analyzing the remaining 
ions using a TOFMS of orthogonal accel- 
eration type; 

5 

the entering of ions into the ion trap is controlled 

by means of a gate electrode by changing the 

voltage applied thereto; 

an orthogonal accelerator is used comprising a 

mesh electrode allowing passage of ions to be 10 

detected; 

a reflectron is used provided in the flow direc- 
tion of the ions between the outlet of the orthog- 
onal accelerator and the detector; 
an orthogonal accelerator is used divided into is 
two acceleration electric field stages, and the 
space focal plane is adjusted using the principle 
of two-stage acceleration; 
the ion trajectories are focused by using an 
electrostatic lens provided between the ion trap 20 
and the orthogonal accelerator; 
the time from ion ejection from the ion trap to 
the application of a pulse voltage to the orthog- 
onal accelerator is controlled by delay means 
provided in a controller the delay time being 25 
determined in advance according to the mass- 
to-charge ratio range of ions to be detected; 
the mass spectrometry is repeatedly carried out 
about 10 to 1000 times, and the registered 
spectra are combined to an integrated spec- 30 
trum. Thereafter, the peak showing the highest 
intensity is selected from among the MS spec- 
trum thus obtained, and MS/MS analysis is per- 
formed; 

resonance emission is utilized for discharging 35 
unnecessary ions other than the parent ion 
from the ion trap, preferably simultaneously 
with the entrapment and accumulation of ions 
in the ion trap. 
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FIG. 5(a) 
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FIG. 8(a) 



40V^Gnd 

40V Gnd Gnd (t=1 1.7 ms) 









10 


14mm 













35mm 


25mm 


50mm 





2mm 



FIG. 8(b) 




m/z 



FIG. 8(c) 




100 500 1000 1500 

m/z 



EP 1 302 973 A2 



FIG. 9 
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